Adaptive immunity is triggered at the immune synapse where peptide-MHC complexes and costimulatory molecules expressed by dendritic cells (DC) are physically presented to T cells. Here we describe transmission of the inflammatory monoamine serotonin (5-HT), between these cells. 
Introduction
Dendritic cells (DC) are highly specialized to integrate diverse stimuli for the generation of antigen (Ag) specific immunity and life-long immunological memory. As immature cells, they are ubiquitously distributed in peripheral tissues where they serve as immune sensors, sampling foreign and self antigens 1, 2 . Microbial antigens recognized by pattern recognition receptors 3 , and self molecules released by dead and dying cells 4 , trigger the migration of DC.
While en route to secondary lymphoid tissues, DC upregulate their expression of cell-surface MHC and costimulatory molecules, and the secretion of cytokines and chemokines necessary for the initiation of adaptive immune responses 1, 2 .
The intimate and dynamic interactions that occur between DC and cognate lymphocytes in secondary lymphoid tissues are equally specialized. It is now clear that T cell activation requires a zone of adhesive, direct contact with antigen presenting cells (APC), popularly known as the immune synapse 5 . From the DC vantage, the formation of immune synapses involve cytoskeletal reorganization and the focal redistribution of Ag-MHC complexes and accessory molecules [6] [7] [8] [9] . The immune synapse appears to maximize the physical interactions between DC and lymphocytes, and forms a stable platform for the recruitment and concentration of signaling molecules 10, 11 .
The immune synapse exhibits many similarities with classical neuronal synapses, including a requirement for cell-cell adhesion and close membrane apposition. In addition, triggering of cell surface receptors leads to intracellular signal transduction in both structures 10, 11 . The tight synaptic cleft between neurons (20-40 nm) and the neuromuscular junction (~100 nm) facilitates the rapid diffusion of neurotransmitters 11 . Although a relatively transient structure, the immune synapse also features a synaptic cleft (15-40 nm) 9, 10, 12 . We therefore For personal use only. on . by guest www.bloodjournal.org From 4 considered the possibility that the immune synapse may also support the regulated secretion of labile molecules that could contribute to signaling between DC and lymphocytes.
Langerhans cells, the archetypal DC, are known to accumulate neurotransmitters 13 . 5-HT is a classical neurotransmitter and vasoactive amine involved in signaling a variety of behavioral and physiological states including appetite, sleep, mood, and pain 14 . Moreover, 5-HT has significant effects on inflammation and immunity. Mast cells and platelets both express the 5-HT specific transporter (SERT) which enables them to sequester 5-HT from the microenvironment.
In turn, this 5-HT is released in response to injury and/or inflammatory signals such as IgE complexes, complement components and platelet activating factor 15, 16 . Exocytosed 5-HT regulates platelet aggregation, modulates leukocyte motility and airway hyper-responsiveness 16, 17 . 5-HT is also reported to modulate T cell activation and differentiation 16, 18, 19 . The mechanism(s) by which T cells may encounter 5-HT however, are unclear, particularly within secondary lymphoid tissues. We hypothesized that DC may sequester 5-HT released by platelets and mast cells at sites of injury and inflammation or from sympathetic nerves that innervate lymphoid tissues 14 , and secrete this 5-HT on interaction with T cells. In support of this hypothesis, we demonstrate that DC possess the machinery for the selective uptake and regulated release of 5-HT. Importantly, we identify the expression of type 1 tryptophan hydroxylase (TPH-1) by activated T cells that indicates that they are capable of producing 5-HT. We propose that DC may sequester 5-HT released from their microenvironment, or directly from activated T cells, and transmit this 5-HT to naïve T cells. Thus, 5-HT transmission represents a novel form of rapid communication between DC and T cells that may influence early T cell signaling.
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Materials and Methods

Dendritic cell culture
Bone marrow (BM) cells were isolated from the femurs and tibias of normal C57Bl/6 mice (7-12 weeks old) and cultured for 5 days at 3×10 5 cells/ml in the presence of GM-CSF and IL-4 as previously described 20, 21 . For some experiments, BMDC were activated using LPS (50ng/ml; L2654 Sigma, St Louis, MO) during the last 18h of culture. Spleen DC were expanded in vivo using Flt3 ligand (15Ig/d ip, ×10d) and matured by overnight culture 22, 23 . Unless stated otherwise, DC were enriched from spleen or BM cultures to approximately 85-90% by centrifugation over histodenz (140 mg/ml; Sigma; 20 min, 500×g). In some experiments, DC were labeled with anti-CD11c FITC or biotinylated anti-CD11c + SA-PE Cy7 (HL3) and purified to > 95% using a FACs Vantage cell sorter (BD Biosciences). Labeling with anti-CD86 PE (GL1) (BD Biosciences, San Jose CA) was used to separate immature (CD11c nonessential amino acids, L-glutamine, sodium pyruvate, penicillin-streptomycin, and 2-ME (Sigma, or Invitrogen, Carlsbad, CA) with 2.5-5Ig/ml Concanavalin A (Con A; Sigma or Biomeda Corp., Foster City, CA) for 2d. Con A activated T cells (1×10 6 cells/ml) were rested for 4d in complete media supplemented with IL-2 (10 IU /ml, Peprotech Inc., Rocky Hill, NJ).
For
RT-PCR
RNA was extracted using TRIzol (Invitrogen), first strand cDNA synthesis was performed using Advantage RT-for-PCR (BD Biosciences) and cDNA was amplified using Taq DNA polymerase (Eppendorf, Hamburg, Germany).
Comparable quantities of cDNA were ensured by amplification of GAPDH (forward 5'-GCC GCC TGG AGA AAC CTG CCA AGT-3'and reverse 5'-TAT TCA AGA GAG TAG GGA GGG CTC-3'). All other primers were as follows: 
SERT radioligand binding
BMDC were resuspended in 5 mM Tris-HCl buffer (pH 7.4) containing 5 mM EDTA and protease inhibitors (Buffer A). BMDC were homogenized using a Polytron™ (Brinkmann Instruments, Westbury, NY) and debris was sedimented by gentle centrifugation (1,000 ×g, 10 min). Membranes were enriched by ultra-centrifugation of the supernatant (30,000 ×g, 30 min).
Quantitation of SERT was performed using the specific SERT ligand, [ 
Statistical Analysis
Errors are the standard error of the mean unless otherwise indicated. Statistical comparisons are based on the Students' T test or ANOVA.
Results
SERT expression is developmentally regulated
To explore the mechanism of monoamine uptake by DC, we tested for the presence of selective transporters for 5-HT (SERT), dopamine (DAT), and norepinephrine (NET). Using RT-PCR, SERT mRNA was identified in DC cultured from BM (BMDC), and in DC directly isolated from bulk spleen cells ( Figure 1A ). Thus, SERT is expressed in both in vitro-generated 
Serotonin uptake by DC
To confirm that SERT were functional in BMDC we measured the specific uptake of Figure 2A shows a representative example of 5-HT uptake at 37°C versus nonspecific uptake at 0°C. The difference between these curves (specific uptake) exhibits a saturable relationship. The mean values for V max and K m from three separate experiments were 16 ± 0.3 fmol/10 6 cells/min and 85 ± 15 nM, respectively. This K m value is similar to the value for uptake by whole brain synaptosomes of 87 ± 23 nM (n=3, Figure 2B ; note that the total protein concentration in brain was ~5 times greater than BMDC). Moreover, the specific SERT inhibitor, fluoxetine, inhibited uptake of [ Figure 3C&D ). These spikes occurred at varying latencies following ATP application and exhibited a wide range of amplitudes from ~2-3 to 100 pA ( Figure 3D&E) . Analysis of the spike area indicated the release of ~30,000 to 130,000 molecules of 5-HT per fusion event and are comparable to those reported for exocytosis in neuronal PC12 29 . Significantly, these data constitute the first direct measurement of membrane exocytosis in DC.
Exogenous 5-HT modulates naïve T cell levels of cAMP
We next asked whether the regulated exocytosis of 5-HT from DC may impact DC-T cell encounters. Early events in the T cell intracellular signaling pathway include a marked and transient increase in cAMP [30] [31] [32] . Persistent high levels of cAMP however, inhibit T cell responses [33] [34] [35] . Thus, the generation of a productive T cell response requires TCR recognition of cognate ligands to be co-ordinated with cAMP degradation, and the inhibition of further cAMP synthesis. 5-HT is reported to enhance T cell proliferation by signaling at type 1 5-HT receptors and reducing intracellular levels of cAMP 18 . We therefore tested the effects of 5-HT on freshly- Figure 4A ). The concentration of 5-HT that produced half-maximal inhibition (IC 50 ) was ~500 nM ( Figure 4B ) and the effect saturated at ~10 IM.
Thus, 5-HT signaling via type-1 5-HT receptors may limit the magnitude and duration of the increase in cAMP levels following TCR signaling, and thereby promote T cell activation.
T cells express TPH-1, the rate limiting enzyme for 5HT synthesis 5-HT is reported to enhance the proliferation of T cells, both in vitro and in vivo. The source of this 5-HT is unclear and may derive from enterochromaffin cells, sympathetic nerves 14 or from endogenous T cell production. We tested for the latter possibility using RT-PCR. Figure   For 
14
5A shows that T cells produce mRNA for TPH-1, but not TPH-2. Importantly, TPH-1 gene expression is barely detectable in naïve T cells but is dramatically upregulated following mitogen activation. Thus, in contrast to DC, T cells have the capacity to synthesize 5-HT, and this potential is enhanced during their activation.
As DC participate in spatially intimate interactions with T cells, we investigated whether DC could functionally sequester 5-HT emanating from T cells. As previously described 
T cell-derived signals regulate SERT expression
Having established that T cells may be one source of 5-HT for DC, we investigated if cross-talk between DC and T cells could impact 5-HT transport. As shown in Figure 1A , SERT cDNA expression increases with DC maturation, therefore we asked whether T cells ligands known to modulate DC maturation could also regulate SERT expression. BMDC were cultured with anti-CD40 mAb or CD152/Fc which simulate ligation by T cell molecules that respectively deliver activating and inhibitory signals to DC 37, 38 , or with LPS. Relative to untreated BMDC, LPS dramatically enhanced the expression of CD86 and the cell surface expression of MHC class II ( Figure 6A ). In addition, functional maturation was demonstrated by significant increases in the secretion of IL-6 and IL-12 into the culture supernatant ( Figure 6B ). Similar, but less pronounced effects were observed in response to receptor crosslinking with anti-CD40 mAb. In Based on these observations, we suggest that SERT expression appears to be regulated, at least in part, by the dynamic and reciprocal interactions that occur between DC and T cells. . 5-HT is also recognized as an inflammatory mediator; platelets sequester 5-HT which they release in response to inflammatory signals including IgE complexes, complement and platelet activating factor 15, 16 .
We describe a novel role of 5-HT as a signaling molecule that may be sequestered by DC at sites of inflammation/injury, or nearby nerve endings, and transmitted between DC and T cells via an exocytotic pathway (see Figure 7) . There is significant evidence that 5-HT can regulate T cell function 16, 18, 19 , but the origin(s) of this 5-HT is unclear. The focal release of 5-HT by DC at synaptic junctions with T cells may suppress cAMP production and thereby facilitate the activation and differentiation of naïve T cells.
This study reveals several novel aspects of 5-HT signaling in leukocytes. First, we show that DC express a functional SERT that is recognized by the anti-depressants citalopram and fluoxetine, specific inhibitors of 5-HT uptake. Thus, DC resident in peripheral tissues, including the skin and mucosal tissues, may take up 5-HT that is released by activated platelets, degranulating mast cells or sympathetic nerves. We show that expression of SERT in DC, and thereby their capacity to sequester 5-HT, is enhanced by agents that promote DC maturation including the microbial stimulus LPS, and CD40 signaling. It is conceivable that activated platelets serve not only as 5-HT reservoirs but also mediate DC maturation through their expression of CD40 ligand 39 . Significantly, the IgE-mediated degranulation of mast cells is reported to trigger the increased migration of epidermal DC to draining lymph nodes 40 . This appears to be dependent, in part, on histamine which is released along with 5-HT. In this manner, 5-HT bioavailability and uptake is linked to the differentiation of functionally mature DC. Moreover, several drugs of abuse including methamphetamines, ecstasy and cocaine, interact at SERT causing release of 5-HT 16 . Therefore the impact of altered, or dysregulated 5-HT uptake and release produced by these drugs with regard to immune competence needs to be carefully established 16 . In addition, the specificity of these pharmacological agents for monoamine transporters raises the intriguing possibility that they may be used therapeutically to modify or augment immune responses. 
